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The quadratojugal (QJ) is a neural crest-derived membrane bone in the maxillary region of the avian head. In vivo its
periosteum undergoes both osteogenesis to form membrane bone and chondrogenesis to form secondary cartilage. This
bipotential property, which also exists in some other membrane bones, is poorly understood. The present study used cell
culture to investigate the differentiation potential of QJ periosteal cells. Three cell populations were enzymatically released
from QJ periostea and plated at different densities. Cell density greatly affected phenotypic expression and differentiation
pathways. We found two culture conditions that favored osteogenesis and chondrogenesis, respectively. In micromass
culture, the periosteal cells produced a layer of osteogenic cells that expressed alkaline phosphatase (APase) and secreted
bony extracellular matrix (ECM). In contrast, low-density monolayer culture elicited chondrogenesis. Cells with pericellular
refractile ECM and round shape appeared at 7 to 8 days and formed colonies later. The chondrogenic phenotype of these
cells was con®rmed by immunolocalization of type II collagen and Alcian blue staining of ECM. This result demonstrated
that a fully expressed chondrogenic phenotype can be achieved from membrane bone periosteal cells in primary monolayer
culture. Chondrogenesis requires a cell density lower than con¯uence and cannot be initiated in con¯uent cultures. Among
the three cell populations, those cells from the outer layer have the highest growth rate and require the lowest initial
plating density (below 5 1 103 cells/ml) to achieve chondrogenesis. Cells from the inner layer have the slowest growth
rate and chondrify at the highest initial density (below 5 1 104 cells/ml). Chondrocytes from all populations express distinct
phenotypic markersÐAPase and type I collagenÐfrom initial chondrogenesis, but are not hypertrophic morphologically.
Furthermore, the fact that chondrocytes arise within the same colony as APase-positive polygonal cells suggests that
chondrocytes may differentiate from precursors related to the osteogenic cell lineage. This cell culture approach mimics
secondary cartilage and membrane bone formation in vivo. q 1996 Academic Press, Inc.
INTRODUCTION stood, partly due to the lack of an adequate cell culture
model.
We are interested in cell differentiation in the quadratoju-Vertebrate membrane bones, which constitute most of
gal, a membrane bone in the maxillary region of the avianthe craniofacial and some of the trunk skeletons, develop
head. Like much of the craniofacial skeleton, the QJ is de-directly from mesenchymal cells without passing through
rived from the neural crest (Le LieÁvre and Le Douarin, 1975;intermediate chondrogenic cell differentiation. Previous re-
Le LieÁvre, 1978; Noden, 1975, 1978; Couly et al., 1993).ports demonstrated that membrane bones express chondro-
Morphologically, it begins to develop as a condensed rod ofgenic potential in certain circumstances, in the quadratoju-
ectomesenchyme in Day 7 embryos. Osteogenesis occurs atgal (QJ) during fracture healing (Hall and Jacobson, 1975)
Day 8 through intramembranous bone formation (Murray,and in calvaria from calcium-de®cient embryos (Jacenko
1963). Later, the QJ develops into a slender shaft with aand Tuan, 1986, 1995). Furthermore, chondrogenic poten-
posterior hook that articulates with the quadrate.tial is evidenced by secondary cartilage formation by perios-
The germinal cells in the periosteum of the posteriortea at joint surfaces in some membrane bones (Murray,
hook undergo bone formation before Day 10 but switch to1963; Livne and Silbermann, 1990; Fang and Hall, 1995).
cartilage formation at Day 11 (Murray, 1963; Hall, 1972,Therefore, some membrane bone periostea seem to be bipo-
1979; Thorogood, 1979; Fang and Hall, 1995). Because thistential for osteogenic and chondrogenic differentiation.
However, the nature of this bipotentiality is poorly under- cartilage develops from a preexisting periosteum, it has been
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termed secondary (or adventitious) cartilage (Murray, 1963). MATERIALS AND METHODS
Most other cartilage arises from mesenchymal condensa-
tions and is referred to as primary cartilage. Secondary carti- Chick Embryos and Materials
lage is also found in the surangular, pterygoid, squamosal,
Fertilized white leghorn chicken eggs were obtained from Cook'sand palatine bones of the chick (Murray, 1963) as well as
Hatchery (Truro, Nova Scotia, Canada) and incubated in a humidi-in the mammalian mandible and other craniofacial bones
®ed incubator at a temperature of 36 { 0.57C. Day 13 embryos
(Durkin et al., 1973; Livne and Silbermann, 1990; Ben-Ami were used for the experiments.
et al., 1993). Secondary cartilage serves as a growth center Monoclonal antibodies against chicken type II collagen (II-16B3)
and articular cartilage. In chicks, secondary cartilage in the and sheep type I procollagen (SP1.D8) were obtained from the De-
QJ hook has been most extensively studied and character- velopmental Studies Hybridoma Bank. Biotinylated goat anti-
ized because it is easily accessible. mouse IgG, Ham's F-12 medium, BGJb medium, fetal bovine serum
(FBS), and L-glutamate were obtained from GIBCO BRL (Burlington,Secondary chondrogenesis is distinct from primary chon-
Canada). An avidin±biotin±peroxidase complex kit (VECTA-drogenesis. First, in primary cartilage, chondroblasts differ-
STAIN elite ABC kit PK-6100) and normal goat serum were ob-entiate from a precartilaginous condensation of mesenchy-
tained from Vector Laboratories (Buringame, CA). Collagenase typemal cells (Hall and Miyake, 1992, 1995). However, in sec-
IA, bovine testicular hyaluronidase type VIII, hydrogen peroxide
ondary cartilage, chondroblasts differentiate directly from (H2O2), 3,3*-diaminobenzadine (DAB), 5-bromo-4-chloroidolyl
a membrane bone periosteum, as the periosteum switches phosphate (BCIP), N,N-dimethylformamide (DMFA), and nitroblue
to a perichondrium. Second, initiation of secondary chon- tetrazolium (NBT) were from Sigma (St. Louis, MO). Trypsin and
drogenesis in vivo depends upon biomechanical stimula- ascorbic acid were purchased from BDH (Canada). Culture plates
and dishes were from Fisher (Ottawa, Canada).tion. If embryos are paralyzed by postsynaptic blocking
agents such as decamethonium iodide before secondary car-
tilage initiation, secondary cartilage fails to form in the QJ
Dissections and Enzyme Digestion ofhook (Murray and Smiles, 1965; Hall, 1972, 1979, 1986;
Quadratojugal ShaftsFang and Hall, 1995). In contrast, initiation of primary carti-
lage is not affected by paralysis. Quadratojugals were aseptically dissected from Day 13 embryos
with ®ne forceps under a dissecting microscope. QJ hooks con-Chondrogenic capacity is not restricted to the QJ hook.
taining secondary cartilage were removed and the shafts pooled.Chondrogenesis can occur along the entire shaft in organ
After rinsing with phosphate-buffered saline (PBS) three times tocultures when intact QJs are submerged in medium but
remove blood cells, QJ shafts underwent serial enzymatic digestionnot when cultured at the air±medium interface (Thorogood,
as in the sequential digestion of calvaria (Wong and Cohn, 1974):1979). In vivo, chondrogenesis was also observed in QJ
Shafts from 2±4 dozen embryos were placed in 1.5 ml pH 7.2 PBS
shafts during fracture healing (Hall and Jacobson, 1975). containing 200 unit/ml collagenase type IA and 0.5% trypsin for
Therefore, chondrogenic potential exists throughout the consecutive periods of 30, 30, and 45 min with stirring in a vortex
periosteum and the differentiation pathway of periosteal at room temperature. After each digestion, released cells were col-
lected by centrifuging at 4000 rpm for 2 min in a microcentrifuge.cells is regulated by local environment factors.
Fresh enzyme solutions were added after each digestion. Cell popu-Questions remain as to how local environment factors
lations 1, 2, and 3 were obtained from the ®rst, second, and thirdregulate the alternative pathways of cell differentiation and
digestions, respectively. Each population was rinsed with 3/4what the underlying molecular mechanisms are. Recently,
Ham's F-12/ 1/4 BGJb containing 10% FBS to stop enzyme activitywe have demonstrated that embryonic movement alters
and then passed through two layers of gauze to yield a single cell
neural cell adhesion molecule (NCAM) expression at a time suspension. The suspensions were centrifuged and suspended in 20
coinciding with the commitment of periosteal cells to chon- ml medium, and cell number was counted with a hemocytometer
drogenesis in the QJ hook (Fang and Hall, 1995). However, from 1-ml cell suspensions diluted to 20 ml with medium.
to date, studies on secondary chondrogenesis have been re- To monitor enzyme digestion levels, the QJs were checked under
an inverted microscope at the end of each digestion. Generally,stricted to in vivo and organ culture approaches. Under-
population 1 is mostly from the outer cell layer of the periosteum,standing cellular and molecular mechanisms has been lim-
population 2 from the intermediate layer, and population 3 fromited by the lack of an appropriate cell culture model.
the inner layer. Since digestion rate varies among individual QJ,In this study, we investigated the differentiation potential
each cell population may contain a small fraction of cells from
of periosteal cells under different culture conditions after other cell layers.
they were enzymatically released from QJ shafts. Cell den-
sity highly affected differentiation pathway of periosteal
cells. In the high cell density of micromass culture, perios- Micromass Culture
teal cells undergo osteogenesis but not chondrogenesis. In
After enzymatic digestion, each cell population was adjusted tomonolayer culture at low density, periosteal cells develop
a concentration of 2 1 107 cells/ml with culture medium. One drop
into chondrocyte colonies with the characteristics of sec- (10 ml, or 2 1 105 cells) of each cell suspension was loaded into a
ondary cartilage cells in vivo. At moderate densities, the well of a 24-well culture plate. After 2 hr in a humidi®ed CO2
cells remain ®broblast-like, and neither osteogenic nor incubator to allow the cells to attach to the culture plate, the cells
were ¯ooded with 1 ml culture medium, which contains 3/4 Ham'schondrogenic phenotypes occur.
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F-12, 1/4 BGJb, 10% FBS, 1 mM L-glutamate, and 150 mg/ml L- Histochemistry of Alkaline Phosphatase (APase)
ascorbic acid. Half the medium was replaced every 2±3 days. Mor-
To reveal alkaline phosphatase expression, ethanol-®xed mono-phology of the cultures was examined daily under an inverted mi-
layer cultures and acetone-®xed sections were rinsed with 0.1 Mcroscope. After 14 days, the micromasses were peeled off the cul-
Tris±HCl (pH 9.2) buffer and incubated for 25 min at room tempera-ture plates and processed for histology and immunohistochemistry.
ture in a matrix modi®ed from Blake et al. (1984): 0.5 ml of 0.5%
5-bromo-4-chloroidolyl phosphate dissolved in N,N-dimethylform-
amide, 5 ml of 0.1% nitroblue tetrazolium dissolved in 0.1 M Tris±
Monolayer Culture HCl (pH 9.2) buffer, 44.5 ml of 0.1 M Tris±HCl (pH 9.2) buffer,
and 50 ml of 2 M MgCl2 . The sections were dehydrated, mounted,
Cell suspensions of populations 1, 2, and 3 were plated in 24- and examined in a Leitz microscope. Monolayer cultures were ob-
well culture plates at densities of 1 1 103, 2.5 1 103, 5 1 103, 1 1 served and photographed in an Leitz inverted microscope with
104, 2.5 1 104, 51 104, and 1 1 105 per milliliter. Each well received bright ®eld illumination.
0.5 ml cell suspension. Culture medium consisted of 3/4 Ham's F- To reveal both type II collagen and APase expression in the same
12, 1/4 BGJb, 10% FBS, and 1 mM L-glutamate. In some cases, samples, double staining of type II collagen immunostaining and
the medium was supplemented with 150 mg/ml ascorbic acid. The APase histochemistry was carried out on some monolayer cultures.
cultures were incubated at 377C in a humidi®ed CO2 incubator Monolayer cultures underwent ABC immunostaining for type II
with 5% CO2 for up to 14 days; half the medium was replaced on collagen. After rinsing with PBS, the samples were stained with
Days 6, 9, and 12. Cell morphology in each culture was examined the APase histochemical method. ABC and AP staining were easily
daily and photographs were taken with a Leitz phase-contrast mi- distinguished by their brown and blue precipitates, respectively.
croscope.
To measure cell proliferation rates, each cell population was
plated on a 24-well culture plate at 5 1 104 in medium without Alcian Blue Staining
ascorbic acid. Cultures were maintained for 12 days with medium
Monolayer cultures were rinsed with PBS and ®xed in 70% etha-changes at Days 1, 3, 6, 9, and 11. Cells were trypsinized from 3
nol for 30 min. They were washed in 3% glacial acetic acid (pH 1)wells and their numbers counted with a hemocytometer for each
and stained in 0.5% Alcian blue in 3% glacial acetic acid (pH 1)population at Days 1, 3, 6, 9, and 12.
for 1 hr. After rinsing in 3% glacial acetic acid and then PBS, the
cultures were examined and photographed under an inverted micro-
scope.
Histology and Immunohistochemistry
For immunostaining, monolayer cultures were rinsed with cold
RESULTSPBS (pH 7.4) and ®xed with 70% ethanol at 47C for 30 min. Micro-
mass cultures were peeled off the culture plates at Day 14 and ®xed
with cold acetone at 47C overnight. After dehydration and clearing, Osteogenesis in Micromass Culture
micromass cultures were embedded in low-melting-point paraplast
The differentiation potential of the three cell populationsat 437C in a vacuum oven. Sections of 5 mm were prepared for
was tested in high-density, micromass culture. Ten-microli-histological and immunohistochemical analyses.
ter cell suspensions (2 1 105 cells) were plated on wells.For assessing the expression of type I and II collagens, the avidin±
After 2 hr, cells attached and spread as a circular spot. Afterbiotin±peroxidase complex (ABC) immunohistochemical tech-
nique modi®ed from Hsu et al. (1981) was used. Both 70% ethanol- 24 hr, multiple-cell layers were visible in which cells gradu-
®xed monolayer cultures and cold acetone-®xed sections of micro- ally sorted out with polygonal cells at the top and ®broblast-
mass culture were treated with 5 mg/ml hyaluronidase in pH 7.2 like cells at the bottom. Cultures from populations 2 and
PBS for 30 min at 377C. Nonspeci®c binding sites were blocked 3 had more polygonal cells, and cultures from population 1
with 50% normal goat serum in PBS for 20 min at room tempera- had more ®broblast-like cells. The general morphology of
ture. After the serum was drained, specimens were incubated with each population remained similar in the middle region of
anti-type I procollagen or type II collagen supernatant diluted 1:10
the micromass throughout the 14-day culture period. Cellsin PBS with 10% normal goat serum for 2 hr at room temperature
expanded at the edges and gradually covered the entire well.or overnight at 47C. After PBS rinsing, the specimens were incu-
To examine phenotypic expression, sections through thebated with biotinylated goat anti-mouse IgG diluted 1:200 in PBS
middle of the micromasses were prepared and stained withwith 10% normal goat serum for 30 min at room temperature.
After PBS rinsing, they were incubated with ABC for 30 min at various methods. Generally, all three cell populations ex-
room temperature and rinsed with PBS. Finally, brown precipitates hibit two cell types. One, located at the top, expresses APase
were produced by treating the specimens with DAB (10 mg in 20 (Figs. 1A, 1C, and 1E) and is embedded in a bony extracellu-
ml 0.05 M Tris±HCl (pH 7.6) buffer containing 4 ml 30% H2O2) for lar matrix (ECM) that stained red by HBQ staining (Fig. 1B).
1.5±2 min at room temperature. As a negative control, the primary This cell layer is negative for both Alcian blue and type II
antibody was replaced with PBS. To check for endogenous peroxi- collagen immunostaining (Figs. 1B and 1D). These markers
dase, some sections were treated with only the ABC and DAB steps.
suggest that this cell type is osteogenic.No endogenous peroxidase reaction was found.
The second cell type at the bottom of the cultures isSome sections from micromass cultures were stained with Hall
®broblast-like, expresses neither APase (Figs. 1A, 1C, andand Brunt's quadruple (HBQ) staining (Hall, 1986). This method
1E) nor type II collagen (Fig. 1D), and has an ECM that isuses celestial blue B, Alcian blue, Mayer's hematoxylin, and direct
red and gives high contrast between cartilage (blue) and bone (red). not stained by Alcian blue in HBQ staining (Fig. 1B), indicat-
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FIG. 1. Micromass culture of three cell populations of QJ periosteal cells. Paraplast sections were prepared through the middle region
of Day 14 cultures. Sections were stained with APase histochemistry (A, C, E), HBQ staining (B), or type II collagen immunostaining (D).
(A) APase expression of cell population 1. The top cell layer exhibits strong APase expression, and the bottom cell layer is negative. (B)
HBQ staining of population 2. ECM of the top cell layer stained red; the bottom layer is ®broblast-like. (C) APase expression of population
2. The top cell layer is thicker than that in population 1 and exhibits strong APase expression. (D) Type II collagen immunostaining of
population 2. No type II collagen is detectable. (E) APase expression of population 3. The top cell layer is thick and weakly APase-positive.
The bottom ®broblast-like cell layer is thin. Bar, 30 mm.
ing that these cells belong to neither osteogenic nor chon- Population 1 has a thick ®broblast-like cell layer and a
thin bony cell layer, population 2 has both layers with simi-drogenic lineages. The morphology of this cell layer is more
like the ®brous layer of a periosteum in vivo. lar thickness, and population 3 has a thick bony cell layer
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TABLE 1
Chondrocyte Phenotypic Expression in Day 14 Monolayer Cultures of QJ Periosteal Cells in Different Cell Densities
Initially plating densities (cells/ml)
1 1 103 2.5 1 103 5 1 103 1 1 104 2.5 1 104 5 1 104 1 1 105
Population 1 4 4 3 0 0 0 0
Population 2 4 4 4 3 0 0 0
Population 3 4 4 4 4 4 2 0
Note. Periosteal cells were enzymatically released from the periostea and three cell populations were plated at different densities as
indicated. Each cell density was tested in 4 wells in 24-well culture plates. Each well received 0.5 ml cell suspension. Chondrocyte
phenotype was identi®ed according to morphology, type II collagen expression, and Alcian blue staining. Population 1, cells from the ®rst
digestion; population 2, cells from the second digestion; population 3, cells from the third digestion. Results are expressed as: 4, chondro-
cytes appeared in all 4 wells; 3, chondrocytes appeared in 3 of 4 wells; 2, chondrocytes appeared in 2 of 4 wells; 0, no chondrocyte colony
formed.
and a thin ®broblast-like cell layer (Figs. 1A, 1C, and 1E). ®broblast-like and polygonal cells. After con¯uence, ®bro-
APase staining is intense in populations 1 and 2 and weak blast-like cells keep dividing rapidly, while polygonal cells
in population 3. gradually modify their morphology to become ®broblast-
like so that no polygonal cells are seen under phase-contrast
microscopy in later stage cultures (Fig. 2D). No bone nod-
Chondrogenesis in Monolayer Culture ules were observed in Day 14 cultures.
Chondrogenesis occurrence in low density. To test Cell density is critical for chondrogenesis, which cannot
chondrogenic potential in low densities, periosteal cells be initiated at a local density higher than con¯uence. An
from the three populations were plated at densities between important factor contributing to cell density is different
1 1 103 and 1 1 105 cells/ml. Chondrogenesis occurred at growth rates in the three populations. Figure 4 shows the
low density from all three populations, but each had a differ- growth curves of the populations initially plated at 5 1 104.
ent range of densities over which chondrocytes were elicited It is highest in population 1 and lowest in population 3.
(Table 1). The optimal density for chondrogenesis is 11 103 Relative potentiality for chondrogenesis in the three cell
to 2.5 1 103 for population 1, 1 1 103 to 5 1 103 for popula- populations were evaluated by counting chondrocyte col-
tion 2, and 1 1 103 to 2.5 1 104 for population 3. When ony number from four wells in Day 14 cultures initially
plated at these densities, periosteal cells divide very slowly plated at 1 1 103 density. About 500 cells were plated in
and remain separated from each other during the ®rst few each well and about 150 cells would survive according to
days. Most cells are ®broblast-like and some are polygonal the growth curves in Fig. 4. Population 2 has the highest
in the ®rst few days. Both gradually increase in number and chondrogenic potential and developed 40 colonies/4 wells.
either become small colonies or remain separated from each Populations 1 and 3 have a relative lower chondrogenic po-
other. After 7±8 days, some cells with pericellular refractile tential (Fig. 5).
ECM and round shape appear, often ®rst near or among
Type II collagen expression and Alcian blue staining.
polygonal cells. These cells divide rapidly and grow to form
Type II collagen expression was revealed with immuno-colonies by Day 14 (Figs. 2A±2C). Within a colony, the
staining in the cytoplasm of the pericellular refractile cellsrefractile cells may round up, become multilayered, and
(Figs. 3A and 3B). In some cells, the Golgi complex has moredetach from the colony.
intense staining than the rest of the cytoplasm (Fig. 3B).The chondrocyte phenotype of these pericellular re-
These refractile cells have Alcian blue staining in their sur-fractile cells has been con®rmed by immunostaining and
rounding ECM (Fig. 3C). However, more cells are collagenhistochemical methods. They express type II collagen (Figs.
type II positive than are Alcian blue positive. It seems that3A and 3B) and stain with Alcian blue in ECM (Fig. 3C).
Alcian blue is seen only in relatively mature chondrocytes.Polygonal and ®broblast-like cells do not. Because of the
In contrast, polygonal cells with no pericellular refractilevery low culture density, their development can be followed
matrix and ®broblast-like cells do not express type II colla-clonally in some colonies. Chondrogenesis occurred in cul-
gen or show Alcian blue staining (Figs. 3C, 3D, 6B, and 6D).tures with or without ascorbic acid.
Alkaline phosphatase expression. In low-density cul-At moderate density monolayer cultures, i.e., 1 1 104
tures, only a few polygonal cells appeared APase-positive onin population 1, 2.5 1 104 in population 2, and 1 1 105
Day 6. In cultures after Days 7±8, APase-positive polygonalin population 3, chondrogenesis failed to occur (Table 1).
cells increased in numbers. However, they rarely formAt these densities, the cultures have reached or are close to
con¯uence by Days 7±8. Before con¯uence, they contain purely polygonal cell colonies. In fact, many APase-positive
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FIG. 2. Phase-contrast photographs of periosteal cells in monolayer culture. Cells of population 2 were plated at low (5 1 103 cells/ml,
A±C) and moderate (1 1 105 cells/ml, D) densities. The cultures were photographed at Day 10 or 14. (A) A small chondrocyte colony in
a Day 10 culture of low density. (B) A middle size chondrocyte colony in a Day 14 culture of low density. (C) Chondrocytes in a large
colony in a Day 14 culture. (D) No chondrocytes appear in a Day 14 culture in moderate density; cells have reached con¯uence and are
®broblast-like. Bar: (A, C) 40 mm; (B, D) 100 mm.
polygonal cells are located within or surrounding a chondro- hand, some polygonal cell and some chondrocytes do not
express APase. Therefore, in terms of APase and type II colla-cyte colony.
A surprising observation was that many chondrocytes also gen expression, four kinds of cells may exist within a chon-
drocyte colony: (1) APase-negative polygonal cells, (2) APase-appeared APase-positive. To further investigate the proper-
ties of APase-positive cells in chondrocyte colonies, a double positive polygonal cells, (3) APase/type II collagen double-
positive chondrocyte cells, and (4) type II collagen-positivestaining procedure for type II collagen and APase was de-
signed. This method demonstrated that almost all chondro- chondrocyte cells (Figs. 6A±6D).
In monolayer cultures with densities higher than con¯u-cyte colonies at all stages contain some chondrocytes that
express both APase and type II collagen. In Day 8 cultures, ence, polygonal cells modify their morphology to ®broblasts
and the numbers of APase-positive cells decrease quickly.when chondrogenesis has just been initiated, some cellsÐ
the frequency differs among coloniesÐare already both type There are almost no APase-positive cells in later cultures
which are dominated by ®broblast-like cells (Fig. 6E).II collagen- and APase-positive (Figs. 6A and 6B). These dou-
ble-positive chondrocytes are not hypertrophic in morphol- Type I collagen expression. Collagen type I expression
was observed in polygonal cells, ®broblasts, and most chon-ogy. In fact, APase expression exists in all sizes of chondro-
cytes, from relatively small to relatively large (Figs. 6C and drocytes. All polygonal cells have uniform distribution of
type I procollagen in their cytoplasm. Some ®broblast-like6D). By Day 14, APase expression remains in many chondro-
cytes. The earliest chondrocytes often appear at locations cells stain similarly to polygonal cells, while others have
weak staining. Most chondrocytes are type I collagen-posi-close to polygonal cells which do not express type II collagen,
but may be APase-positive (Figs. 6A and 6B). On the other tive (Fig. 6F), but some may appear negative.
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FIG. 3. Chondrocyte phenotype of periosteal cells in monolayer cultures of population 2 plated at low (1 1 103 cells/ml, A±C) and
moderate (1 1 105 cells/ml, D) densities. The cultures were stained with type II collagen immunostaining or Alcian blue staining. (A)
Type II collagen expression in a chondrocyte colony in a Day 14 culture at low density. The cytoplasm is strongly positive. (B) Type II
collagen immunostaining in another colony. In some cells, it appears more intense in the Golgi regions (arrowheads). (C) Alcian blue
staining in a chondrocyte colony. The ECM is blue. (D) Negative staining of type II collagen in a Day 14 culture in moderate density.
The culture reached con¯uence and consists of multiple layers of ®broblast-like cells. Bar: (A, B) 40 mm; (C, D) 100 mm.
Chondrocyte colonies arose from cultures in low densities.DISCUSSION
They not only express chondrogenic markers, such as type
II collagen and sulfated proteoglycans, but also assume a
This study sought cell culture conditions appropriate for typical chondrocyte morphology. These data demonstrate
studying chondrogenesis in QJ periosteal cells. Since it has for the ®rst time that fully expressed chondrogenic pheno-
been demonstrated previously that higher cell density fa- type can be achieved from membrane bone periosteal cells
vors chondrogenesis from limb bud and mandible mesen- in primary monolayer culture. Periosteal cells undergo both
chymal cells (Ahrens et al., 1977; Solursh and Meier, 1978; osteogenesis and chondrogenesis after being enzymatically
Ekanayaki and Hall, 1994), as well as from periosteal cells released from the QJ shafts and subjected to cell culture.
of tibiae (Nakahara et al., 1990a,b, 1991), we started with The differentiation pathway is highly in¯uenced by cell
micromass culture. However, QJ periosteal cells did not density: osteogenesis is favored at high density and chondro-
initiate chondrogenesis under this culture condition. In- genesis at low density.
stead, a layer of bony tissue formed at the top of the micro- How cell density in¯uences differentiation pathways is
mass. Therefore, periosteal cells maintain their osteogenic unknown. A major difference between the two culture con-
differentiation pathway in high-density culture as they do ditions is that cells contact each other three-dimensionally
in the QJ shafts in vivo. in micromass culture but are isolated from one another in
To further explore chondrogenesis in vitro, periosteal low-density culture. It seems that such cell±cell contact
is required for osteogenesis from the periosteal cells. Thecells were cultured in monolayer at different densities.
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FIG. 4. Cell growth curves of three cell populations. Periosteal cells were enzymatically released from the QJ shafts and plated at 5 1
104 cell/ml. Cell numbers were counted at Days 1, 3, 6, 9, and 12. Growth rate is highest in population 1 and lowest in population 3.
observation in this and other studies (Nakahara et al., contact is not required for chondrogenesis, indicating that
isolating environment facilitates chondrogenesis. A similar1990a) that osteoblasts decrease AP expression in mono-
situation also exists in vivo: osteocytes always remain inlayer culture may be interpreted as the result of the lack of
contact with each other through their ®lopodial processes,such cell±cell contact. On the other hand, such cell±cell
but chondrocytes are always isolated by their ECM.
It should be noted that cell±cell contact required for os-
teogenesis does not necessarily mean only physical contact.
Instead, it more likely involves interaction of cell surface
signal(s). Since two major cell typesÐ®broblast-like and
polygonal cellsÐsort out after plating in micromass cul-
ture, and the bony layer forms from the polygonal cell layer,
it is apparent that there is cell±cell recognition and interac-
tion in periosteal cells. One signal molecule possibly in-
volved in the interaction is the NCAM. NCAM is a cell
surface protein involved in regulation of morphogenesis in
embryonic development (Edelman and Crossin 1991; Edel-
man, 1992, 1993). During secondary cartilage formation in
vivo, NCAM is down-regulated during the switch from os-
teogenesis to secondary chondrogenesis in the periosteum±
perichondrium of the QJ hook (Fang and Hall, 1995). In
culture, NCAM expression is retained in the bony layer of
micromass culture, but lost in monolayer culture (Fang and
Hall, unpublished observation). Therefore, such signals as
NCAM may mediate cell±cell interaction between perios-
teal cells and affect cell differentiation. Hence, differentia-
FIG. 5. Numbers of chondrocyte colonies formed in Day 14 mono-
tion pathways of the periosteal cells may be regulated bylayer cultures of the three cell populations plated at 1 1 103 cells/
altering expression of signal molecules in vivo. Micromassml. Each well received 0.5 ml cell suspension (500 cells) in which
culture may facilitate interactions of signal molecules be-about 25% (125 cells) survived. Chondrocyte colonies were identi-
tween periosteal cells, while low-density culture fails to®ed on the basis of type II collagen immunostaining. Numbers
offer such interactions.represent the total colonies in 4 wells in 24-well culture plates for
each cell populations. A cell density lower than con¯uence is critical for initia-
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tion of chondrogenesis from the periosteal cells. Why chon- mammalian mandibular condyles (Silbermann et al., 1987;
Silbermann and von der Mark 1990; Mizoguchi et al.,drogenesis fails to occur in a con¯uent culture is unclear.
From our observation, it seems that overgrowth of ®bro- 1992a,b). Since APase and type I collagen are considered
osteogenic markers (Rodan and Noda, 1991; Aubin et al.,blast-like cells is an important factor in¯uencing chondro-
genesis. Population 1, which contains the most ®broblast- 1993; Liu et al., 1994), secondary cartilage has a distinct
gene expression pattern; i.e., it expresses both chondrogeniclike cells and reaches con¯uence the soonest, requires a
much lower initial cell density to elicit chondrogenesis than and osteogenic markers. The signi®cance of this distinct
gene expression is unclear. In primary cartilage, it was dem-population 3, which contains the fewest ®broblast-like cells
and is the slowest to reach con¯uence. Fibroblast-like cells onstrated that hypertrophic chondrocytes underwent fur-
ther transdifferentiation into a cell type that expresses bonyappear to inhibit chondrogenic phenotype expression in this
system as in the coculture of chondrogenic limb mesenchy- markers (Cancedda et al., 1992; Roach, 1992; Kirsch et al.,
1992); i.e., they are convertible from chondrogenic to osteo-mal cells and nonchondrogenic tendon ®broblasts (Cottrill
et al., 1987). genic cells through modulating gene expression. Consider-
ing the distinct gene expression pattern in secondary chon-Since chondrogenesis was initiated at low densities and
inhibited at high density, it is apparent that chondrogenesis drocytes, the origin of secondary chondrocytes from osteo-
genic cells may explain their expression of osteogenicfrom periosteal cells does not require a cellular condensa-
tion stage, which is a prerequisite for primary chondrogen- markers. Further study is necessary to address these ques-
tions.esis in limb bud and mandible mesenchyme (Ede 1983;
Thorogood and Hinchliffe, 1975; Hall and Miyake, 1992, Comparison with two other well-studied cell culture
models of periosteal cells from tibia and from calvaria re-1995). This result is contrary to the suggestion from mor-
phological observation that secondary chondrogenesis also veals that QJ periosteal cells have their own characteristic
cell differentiation in vitro. In high density, the periostealinvolves cellular condensation (Mizoguchi et al., 1992a).
Hence, based on our study, initiation of secondary chondro- cells of chick tibiae form a bony layer and a well-developed
hypertrophic chondrocyte layer (Nakahara et al., 1990a,b,genesis differs from primary cartilage, and secondary chon-
drogenic cells must arise from a preexisting periosteal cell 1991; Nakata et al., 1992; Iwasaki et al., 1993), whereas QJ
periosteal cells form a bony cell layer and a ®broblast-liketype(s) which attained chondrogenic capacity at an earlier
development stage. cell layer. In low-density culture, QJ periosteal cells give
rise to chondrocytes, whereas tibial periosteal cells do notIt would be interesting to know the lineage relationship
between osteogenesis and chondrogenesis. Two hypotheses (Nakahara et al., 1991).
QJ periosteum cells also behave differently from the peri-may explain the origin of secondary chondrocytes: (1) the
QJ periosteum contains a bipotential or multipotential pro- osteal cells of calvariae. In monolayer culture, although type
II collagen is detectable in culture medium (Berry and Shut-genitor cell population as reported in other bones such as
in clonal culture of tibiae (Manduca et al., 1992) or calvaria tleworth, 1989) and in some cells (Jacenko et al., 1995),
chick calvarial periosteal cells express a full chondrocyte(Grigoriadis et al., 1988); and (2) the QJ periosteum contains
separate osteogenic and chondrogenic progenitor cell popu- phenotype (including molecular markers and typical mor-
phology) only after being fractionated by Percoll gradientlations. If the former is true, then the switch from bone
formation to secondary cartilage formation in the hook in isopycnic centrifugation (Wong and Tuan, 1992, 1995). In
contrast, QJ periosteal cells spontaneously chondrify invivo can be understood as a switch of differentiation path-
way in the same cell population. If the latter is true, then low-density monolayer culture. In densities higher than
con¯uence, calvarial periosteal cells increasingly expressthe switch may involve selective proliferation of one type
of progenitor cell over the other. osteogenic markers, including APase, in chicks (Gerstenf¯d
et al., 1987) and form bony nodules in rats (Nefussi et al.,Results from this study favor the ®rst hypothesis. By fol-
lowing chondrogenesis clonally at an exceptionally low 1985; Bellows and Aubin, 1989; for review see Aubin et al.,
1993). In the chick QJ, APase expression barely exists anddensity, we found that: (1) almost all chondrocyte colonies
contained both chondrocytes and polygonal cells; (2) early bone nodules were never observed in con¯uent monolayer
cultures.chondrocytes often arose near polygonal cells; and (3) some
of those polygonal cells expressed APase. Since an APase- These differences in cell differentiation in vitro may re-
¯ect different in vivo properties of periostea in the threepositive polygonal cell is a typical osteogenic cell type, it
is likely that secondary cartilage cells share the same pre- skeletons. Tibiae are long bones and develop from a carti-
lage anlage through endochondral bone formation. Both thecursor with osteogenic cells.
The present study has shown that chondrocytes in low- calvarium and the QJ are membrane bones. However, the
QJ can form secondary cartilage in vivo, whereas majordensity culture have characteristics distinct from those of
primary cartilage: they express APase and type I collagen, components of the calvariae do not. It seems that QJ perios-
teal cells have more chondrogenic potential than calvarialbut are not hypertrophic. These characteristics are consis-
tent with in vivo studies, which showed that nonhypertro- periosteal cells.
In summary, this study presents the ®rst cell culture ap-phied secondary cartilage expressed APase and type I colla-
gen in the QJ hook (unpublished observation) as well as in proach to the differentiation of the periosteal cells of the
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FIG. 6. Collagen and APase expression in periosteal cells in monolayer culture. (A) Type II and APase double staining in an early
chondrocyte colony in a Day 8 culture at low density (1 1 103 cells/ml). Four kinds of cells can be seen: APase-negative polygonal cells
(1), APase-positive polygonal cells (2), APase/type II collagen double-positive chondrocytes (3), type II collagen-positive chondrocytes (4).
(B) The same ®eld as in A, processed only for type II collagen immunostaining. Type II collagen is expressed in pericellular refractile cells
but not in polygonal cells. (C) Type II collagen and APase double staining in a chondrocyte colony in a Day 10 culture of low density.
APase expression appeared in many chondrocytes, including the chondrocytes with small size. The four kinds of cells (1±4) seen in A
can be seen. (D) The same ®eld as in C, processed only for type II collagen expression. (E) Type II collagen and APase double staining in
a Day 14 culture in moderate density (1 1 105 cells/ml). All cells are ®broblast-like. Neither APase nor type II collagen expression can
be seen. (F) Type I collagen expression in ®broblast-like cells (f), polygonal cell (p), and chondrocytes (c) in a Day 14 culture of low density
(1 1 103 cells/ml). Bar: (A±D) 40 mm; (E, F) 100 mm.
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